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SUMMARY

An analysls of the thermopile radiometer as used in the
measurement of 1rradiation and radlent power lnterchenge 1s
g£iven. The theory of the instrument when used to measure
irradiation and net radiant power interchange 1g developed,
and the precnutions to be observed when using it for these

' measurements are presented. Descriptions of the types used
are glven.

It was found that accurate measurements of irradiation
or net radiant power interchange could be obtained by always
allowing sufficient time for the readings to become constant
and by arranging the system so that the front of the housing
is not brought closer than twice the housing length to any
reflecting surface. By observing these precautions when using
the radiometers, the absolute error of any measuroment of 1ir-—
radiation may be made very small, If these precautions nAre
observed, the procedure 1in making a measuremont of irradiation
ls to point the radiometer in a given direction,® obtain the
thermopile electromotive force and the housing temperature by
means of a potentiometer or other voltage—-measuring device,
anii evaluate the results obtained in the following manner:

The irradiation 1s given by the product of the millivolts
goenerated by the thermopile and a constant of the thermopile
plus the product of the absolute temperature of the radiometer
housing raleed to the fourth power eand a constant of the

*In this report a measurement of irradiation (or net power
exchange by radiation) in a glven direction refers to a meas—
urement of power incident (or exchanged) in a solid angle
(fraction of apace) equal to that seen by the radiometer re~—
ceiver (Foe R of half space).
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radiometer. This sum will indicate the actual trradiastion
of the thermopile receiver by the source "viewed"™ includ-
ing any gaseous radiatlon that_may be present.

INTRODUCTION

Suitable instruments to evaluate the magnitudes of the
severnal modes of heat transfer will aid i1n affecting .a more
precise thermal ananlysis on heat transfer systems.,

A oomplete heat halance on an alrplane or any of 1ts
parts requlres a knowledge of the heat absorbed. and lost by
radiation. Besldes data on the emissivities of the surfaces
involved (reference 1), it 1s necessary to kno¥w the magniw-
tude of the radiation incident upon any surface (irradiation),
The thermopile radiometer provides a simple, rugged instru-
ment to measure thile irrsdiation.

Several thermopile radiometers of the plated Junction
type have been constructed and used at the University of
California (reference 2). Recently, because of the reguire-
ments of certain problems which have been encountered, it
was decided to investigate the possibdllities of improving
the design of the sensitlive elements. As a result, 1t 1is
now posslble to bulld thermovile readiometers having much
smaller physlical dimensions And the same or greater sensi-
tivitios than the former unitas referred to above. For
example, one of the older units, having an ndmittance angle
of approximately 16° was 4%/3 inches in diameter and 11%/3
inches long. A new unit, having the same admittance angle
and aporoximately the same sensitivity, is 1 inch in dia-
meter and approximately 4Y/3 inches long. (See photogranhs,
figures 3 to 6.)

This remort presents an analysis of the onmeration of the
compensated type thermorile radiometer and a descrintlion of
some of 1te uses, including the measurement of irradimstion
and the mersurement of net radlant power interchange.

The program of research uvon which this revort 1s based,
conducted in the Spectro-Radiometrie Labormtory of the Depart-
ment of Mechanicml BEngineering of the University of California,
was sponsored by and conducted with the financial assistance
of the Nrntional Advisory Committee for Aeronautics.
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DISCUSSION

Description

The thermopile radiometers are constructed as follows:

A metal cylinder 1s made with a removable plug or cover
pPlate at one end, as shown in figure 1. The thermopile ele—
ment 1s placed in the end of the cylinder, elther as part of
the removable plug or attached directly to the cylinder, so
that the recelving surface of the thermopile faces the open
end of the cylinder. One of the smaller models 1s equipped
with a handle so that it may be used as a portable fileld in-
strument. The larger models are mounted on heavy bases and
though not as portable, they are often more useful for labo~
ratory purposes; the heavy housling provides a more stable
datum and tends to reduce drifte. The exterior surfaces of
the radiometer housings are chromium plated to provide a
durable surface which has and maintains a high reflectivity.
A thermocouple 1s peened into the housing for use in determi-~
natlion of the houslng temperature,

For p more detalled discuseion of the construction of
plated—Jurction—~type thermoplles, see reference 2,

Calltrstion

The redliometer may be calibrated with the use of a tung—
sten filament lamp which hes been aged and calidbrated against
a radiation standard, or with an ideal radiator ("hohlraum"),
or with any source of radiation the emiessive power of which
is known and for which the irradiation at the thermopile may
be computed, For the thermopiles constructed it has been
found that the electromotive force generated 1is directly
proportlional to the irradiation over a ' large range of values,
Three or four points obtained with the calibrating sourco
wlll yield an accurate calibration. This method of calibra—
tion deponds on the fact (experimentally determined) that the
thermopile receiver clement absorbs independently of the vari
ous wavelengths emitted by the source.
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— Thermopile supporte
—Metal cylinder

Thermopile leada§3§

~~— ‘
‘L.,.R_ n

Line of elght

\ e
. Thermopile receiver surface
\\_ (blackened)
Plug

Note: Inseide of cylinder i1a blackened
with a mixture of lampblack and turpentine
and then sooted.

Fig. 1

Measurement of Irradiation

A fundamental form of the equation to be used with the
compensated type thermoplle radiometer 1is

G, = K (nv) + F

4
oe—R % Th
or

.
R Ty = K (mv)

G, — Foq}—_

where

G, irradlation of thermopile due to radiant energy enter—
ing openling in housing

K a constant of thermopille

nv electromotive force generated by thermopile (for szero
current flow)



NACA ARR No. 5A13 5

Fo «—R fraction of power leaving front surface of receilver
element which goes out through opening (shape

modulus) ] e R
o Stoefan—~Boltzmann radiation constant
Tn absolute temperature of radiometer housing

(postulated to be uniform)

This equation also applies to the non—compensated® type
of thermopile 1if the cold junctions are kept at the housing
temperature and if the housing remeins at alr temperature.
(See appendix A for a derivation of this equation.’)

When the radiometer is directed toward a source or =a
surface, the radiant energy coming into the instrument 1is
composed of the followingt

(1) The energy which would be present 1f the radlometsr
were removed

(2) The energy whick originatcs at the radiometer and
is reflected back into the seme lnstrument minus
that energy which would have been reflected into
the radioneter if it kad not been shielded from
the surface by the housing

It is actually dosired to mersure term (1) only (re—
ferred to in appendix B as G!'), Ltut the radiometer meas—
ures term (1) plus term (2) (refcrred to in this report as
Go). Ir other words, term (2) must be made very small;

then G, may be used as 1f 1t wvere the desired quantity,

Term (2) may be made very snall if the radiometer is lccat-—
ed at a disterce which 1s ecicabter than twlce its length
from the sonrce or the surfece. Unda2r these conditions,
the absolute error duc o the reflec.ed eaergy from a per—
fectly reflocting diifuse surface wlil be lcss than Foe—p

-~

(Foe_po Ty ). (See sppendix B for the proof.)

*In a compensated—type thermopile boih sets of junc—
tions are so construcied and dicposed as to be similarly
affected by changes 1in the air temperature. In the non—
compensated type the cold junctions are kept at a constant
temperature, and the emf generatecd 1s dependent on the alr
temperature.
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If the temperature distribution along the housing 1is
not uniform, an electromotive force mey be generated even
though G, - F, o Ty is equal to zero because the

irradiation of the hot and cold Junctlons will not be eaual.
It is because of this requirement that the radiometer hous—
ing is made of a material having a high thermal conductiv—
ity and a rather large mass. VWhen use 1s made of the
radiometer, many difficulties will bs eliminated if guffi-—
clent time 1s allowed for the housing to come to equilib—
rium with the surroundings. Usually, only a few minutes
are necessary to attain this condition, Factors that might
cause an uneven temperature distribution along the housing
should be avoided: for example, a hand placed on the hous~—
ing vhile data are being taken.

Measurement of Net Exchange of Power by Radiletion

The net exchange of power by radiation between a sur—
face and the surroundings (the heat loss by radiation of a
surface) may be obtained with the raediometer if the sur—
roundings may be considered as having uniform emmissive
powver., The question whether the surroundings are uniform
enough for this measurement may be determined dy sighting
the radiometer at the surroundings and noting any high in-
tensity sources. If there are any such sources, the pro—
cedure outlined in the following paragraph should be fol-—-
lowed. For the caAse where the surroundings are unifornm,
equation (19) in appendix B shows that if the radiometer
is pointed at the surface in question and "sees" only this
surface and then is pointed at the surroundings in the
opposite direction, the difference in readings will give

i = K ( - )
) ot MVaurface — BVgurroundings

which 1s the net exchange by radiation between a surface
and the surroundings if the surroundings absord and radiate
as an ideal radiator. (See reference.3, ch. XVIII, p. 20.)
This equatlion applies only if the radiometer 1s used as
specified under Measurement of Irradiation and also satis—
fles the condition of "seeing" only the surface 1in gquestion
when polnted at 1t. In other words, the surface sighted

at must have an area at least large enough to cover the
circle which would be seen by the radiometer receiver ole-—
ment. (See appendix B for derivation,)
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For the case where the surroundings 4o not radinte
uniformly, other methods must de used. If 4ata are Avall-
able on the emissivity of the surface in question, 1t is
possible to obtain its radirnt povwer loss by measuring its
temperature. The power loss in any direction for any sur-
fance 1o i1ts apparent emigsive power 1in this direction times
the shape modulus for the desired direction minus the ab-
sorbed povwer, or

g’ 4
(A)net = €0 T " Foe-R ~ @ G
wvhere G@Gp 18 the value obtained with the radiometer.

This equation refers to an exchange of radiant power
in that portion of spance defined Py the shape modulus
FO‘P"R only. Therefore, the power referred to is the

emigsive power of the body €0 T* times Fgy.p. It
should be noted that € and o 1in this equation are not
necegsrrily equal.*

In all measurements of irradiation, the rasult odb-
tained is referred to a surface normal to the axls of the
radlometer. If the radlometer aAxls makes an angle ¢ with
the normal to the surface, on which the magnitude of the
irradiation is desired, the incident nower mer unit ares 1is
obtained by multiolying the result by cos o.

CONCLUSIOFS
le To make A measurement of irradiation:

(n) Point the radiometer at the object, keaping the
front surfrce of the housing at least two
radliometer lengths away from the nearest
surface.

(b) After allowing time for the readings to become
constant, take the housing temperature and
the thermoplle electromotive force readings.
*"The emissivity (and consequently the absorptivity) is
a function of wavelength, and, since the energy distridution
corresponding to the incident and emitted energy 1is not nec-
esgarlly the same, 1t may be necessary to use different fac-
tors: € for the over-all emiesivity corresponding to T,
and o for the absorptivity corresponding to the distri-
bution of G,-
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(c) Substitute these velues in the equation
G, = K (nv) + ¥y &R 9 Th‘.., ce e -

2. To make a measurement of the galn or loss of radiant
power in a given direction by a body which receives an equal
amount of radiation from all directions 1n half space:

(a) Check by sighting in several directions (as out—
lined in 1{(a) and 1(b)) to determine whether
this condition 1s approximately true. If it
1s not, refer to paragraph 3, which follows.

(b) Holding the radiometer near the body under consid-—
eration, slght at the surroundings in the de—
slred direction and follow the procedure of
1(a), 1(b), and 2(c). Turn the radiometer
through 180°, gighting at the body, and repeat
the procedure of 1(a), 1(Db), and 1l(c).

(¢) The value of G, obtained when sighted at the
body minus the value of G, obtalned when
slghtlng at the surroundings 1s the radiant
power loss by the body in the direction re—
ferred to. The eguation is

q r
(Ainet =X L(mv)surface - (mv>surroundings]

(d) This method applies ounly if, when sighting the
radiometer at the surface 1ln question, the
radiometer soces only the surface and yet sat—
igfies condition 1(a).

3. To make s measurement of the gain or loss of
radiant power in a given direction by a body under any
circumstances (including that of paragraph 2), tke follow—
ing procedure may be used:

(a) Obtain the irrasdiation of the body as outlined
in 1(a), 1(v), and 1(ec). Call this G.

(b) Measure the temperature of the surface of the
body tb by means of a thermocouple or cther

device,
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(c) On the basis of other date, or on the basis of
experience, approximate the emissivity of the
- - surface .€.. D e e

(d) The rediant loss in a given direction 1s then
4
<E> =[eo(tb+ 460) XFO‘_R—GGO]
A/net .

University of Californmnlsa,
Berkeley, Calif., Dctober 19, 1944.

APPERDIX A
EXAMPLES OF THE USE OF THE THERMOPILE RAD ICMETER

In the following examples the case of a pilot in an
airplanse cabln 1is ccnsidered. The examplee are dependent
on each other, the final result being a radlant heat dbal-
ance on the pilot.

In all irradiation measurements referred tc 1n this
and the following section of thls appendix, it 1s aasumed
that the radiometer 1s hold normal to the surface. If it
is held at an angle ® to the normal of the surface, then the
results should be multiplied by cos ® 1in order to odtain
the power per unit area of surface,

Example 1. Memsurement of Irradiation

A pillot 1ls seated behind a wlindshield recelving the
direct radiation (normal to the window) of the sun. It is
desired to measure the irradiation of the pilot due to0 the
energy of the sun which is transmitted through the window.
(Actually, the irradiation is by the sun and the small
amount of sky seen by the radiometer.)

(a) The radiometer, which has been in the mirplane
cabin for about 6 minutes or more (during which t ime the
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-

cabin conditions have not changed), 1s placed in front of
the man and sighted in the direction of the sun, keeping
the radiometer at least two radiometer lengths as~y from
the window, After sufficient time 1s allowed for all
emf!s -to become constant, the temperature of the radiom-
eter housing and the emf generated by ithe thermoplle are
obtained by means of a portable potentiometer.*

(b) The irradiation of the man then is equal to
.
G, = K(nv) + Foee R 9 T housing

A typical case would be as follows?

Btu
K (constant of the radiometer) = 7,00 ———p—
hr ft nv
F,~—npx (shape nodulus of radiometer) = 0.02
8 Btu

o (Stefan—Boltzmann constant) = 0.173 X 10~

nr £t2 (°R)*

If the emf generated in this case were 42,0 mv and the
housing temperature 20° F, the irradiation intercepted by
the radiometer would be

" -8
7.00 X 42,0 + 0.02 % 0.173% X 10 (20 + 460)*

Bta
294.,0 + 1.83 = 295.8 m

Gq

*If a portable potentiometer 1s aot available, a sen—
sitive millivoltmeter may be used The emi generated

Rm"l" RB
m R-———, whare B, 1is
n
the millivolt reading of the meter, R, resistance of the
meter, and RR reslstance of the radiometer thermopile,

(mv) then would be equal to E
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Example 2
Mensurement of Radiant Fower Loss, Surroundings Uniform

It 1s desired to measure the power loss by radiation
of a man in an ailrplene. The airplane 1s on the ground,
sun behind 1t. :

(a) The radiometer, after having been in the cabin
for several minutes, is sighted about the cabin in the
various directions that the man sees on the side deslired.
(That is, the man is considered to conaist of two flat
gsldes, and - the portion of space seen by one slde 1is half
space.) If the readings obtained (allowing sufficient
time for each reading to become constant) are nearly
uniform, the average of the rcadlngs 1s noted. The radi-
ometer 1s then sightcd at the man, and the reading is
noted. In all measurements the radiometer is kept at
least two lengths away from the nearest surface, When
slghting at the man, though, 1t must be close enourh 4o

see only the man, but etill be at least two lengrths rway
from him.

(b) The net loss by the man in the given direction
is then

a™ I’ ]
(X/'net =K ._(mv)man - (mv)surroundings_,

A typlcal case would be as follows:

(If the cebin wall temperature = 120° F)

Btu
X =7.00 —
hr ft° mv

Foe—p = 0.02
Emf when sighting at surroundings = 0.C
Inf when sighting at man = —0,171 mv

Therefore, the radiant heat loss is —-7X0,171=-1,20 —JEEL;
hr £t~
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This value refers to the power lost to that portion of
space defined by ¥, R+ Therefore the total loss to
one—half space 1s this value divided by T, _p.

If similar readings are obtained in all directions when

sighting at the man, his total heat loss to one side by
radiatlion is then

—1.20 _ -1.20 _ _ Btu
T " 0,02 2
o€=——P . hr £t

or, in other words, he receives a net amount of radiation
of 60 Btu/hr ft2,

Exanple 3. Radiant Power Gain in Nonuniform Surroundings

It 1s desired to obtaln the total radlant power
exchange of & pilot scated behind a windshield, facing in-
to the sun.

(a) First, the total irradiation of the pilot will
be cbtained. It will be assumed that the cabln may be
divided into two sectlions, the front and the rear. The
front surface of the pilot 1s exposed to the front cabin
section. Also, slnce the solid angle seen by the radiom—
eter when viewing the sun takes up such a small sectlon
of the space seen by the front surface of the pillot, 1%
ls assured that the whole front cabdbin section ( including
the window) 1s seen by the front surface of the pilot.
The irradlated surfaces will be divided up as follows:

(Assume the total area subject to readiation as equal to
15.5 sa ft, see reference ¥ ).

Recelving radiation from the sun . . . . . . 4 f£t®
Rocelving radlation from front wall sections & £t
Receiving radlation from rear wall section , 475 fe@

In contact with seat . ¢« ¢« o o ¢ ¢ o o« « o« o B3 ft2

(4 ft® receives radiation from sun and walls)

The total area receiving radiation 1s, therefore, 12.5 ft=
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¥ith the same fadlometer as in example 1, the follow—
ing readings are obtained:
a Hhen.;iéhiéd at f}éﬁ; ;;li ;;ctio;-= —6.12 nv,
so that
G, = — (0.12 x 7,0) + 1,83 = 0,99 Btu/hr £t°
When-sighted at rear wall section = — 0,098 mv,
so that
6, = — (0.098 X 7.0) + 1,83 = 1.15 Btu/hr £t
When sighted at sun = 42.0 mv
so that
¢, = (42.0x 7,0) + 1,83 = 295,8 Btu/hr £t~
(as in example 1)

The apparent emissive power of any surface sighted
at 18 G4/F,. _p+ and the total irradiation from uni-

formly radiating surroundings is equal to the emissive
power of the surroundings.

Therefore, the total radiant power inclident on the
pllot is

4 X 296.8 + B X %=%3 + 4.5 2215 _ 1184 + 396 + 259

= 1839 Btu/hr

This would be equivalent te an average irradiation of

4839 . 2
e = 147 Btu/hr ft

The surface of the man will be considered to be a
gray body (so that the emissivity is egual to the absorp—
tivity). On the basis of other data {(reference 1) an
approximation of the emissivity of the pllot's clothing
must be made, and the surface temperature obtained, dy
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use of a touch thermocouple, The value of ¢, a, 1s tak—
en as 0.90 and the pilot's clothes temperature as 80° T;
the net loss by the pillot 1s then

b40

0.90{0.173
\ 100

4
'> - 147]12.5 = (132 — 132) 12.5 = 0 Btu/nr

Thaﬁ is, the net loss of radiant power by the pilot is
0 Btu/hr, or an average value of 0 Btu/hr f£t2.

In a typical, comfortably heated room, the radlant loss

by a man 1s about 180 Btu/hr over an area of 15.5 square
feet, or 12 Btu/hr ft2, and the convective loss 1s about

120 Btu/hr over an area of 19.5 square feet, or 6 Btu/hr ft2,
8o that the elimination ef the radlant loss is an important
factor. (See reference 4,)

If 1t 1s desired to evaluate the total irradiation
on a surface in surroundings ths emissive power of which
varlies greatly with angle, it 18 suggested that the pro—

cedure outlined in reference % (ch. XVIII, pp. 45~50) bo
followed.

APPENDIX B

THEORY GOVERNING THEE USE OF THE THERMOPILE RADIQMETER

SYMBOLS
A area of a surface, ft2
i emlgsive power of an ideal radlator at the tem—

peratqre of the surface under considerstion
= ¢ T, Btu/hr ft°

Yoe—D shape medulus, the fraction of energy originally
leaving a perfectly diffusing surface b of
uniform temperature which reaches a surface =a
before any reflections have taken place; the

nunbers of the various surfaces referred %o
are lnserted in place of a and ©b.

G, irradlation of thermoplle due to the radiant

energy comlng through the opening in the house—
ing, Btu/hr ft2
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Gt

the portion of G, which would be present if the
radlometer were removed: the valuo desired,

Btu/hr ft3

K constant of radiometer thermopile, Btu/hr ft2 mv

3 disetance from front of radiomseter to nearest roeflect—
ing surface in dirocct line of "gight" of radiom—
eter, Tt

L distance from thermopile to front of radiometer
housing, ft

nv electromotive force generated by thermopile, mv

n /L

g heat transferred, Btu/hr

t temperaturas, op

T absolute temperature (4% + 460), °R

Z (1 -€;) (1 =-¢€3) Paem—y X Py 3

B error term ln radlometer equation

€ emlssivity of a surface (all surfaces are treated
as 1f € wore independent of wavelength)

P angle betwcon normal to surface and axis of radiom—
etor, dcg

-8
0.173 X B
o Stefan—Boltzmann constant, 17 10 4tu (see
hr £t2 (°R)

International Critical Tables.)

Subscripts

o opening of radiometer housing

R radiometer receilver element

1 same as R

8 surface 2 in fig. 1
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3 surface 3 1in fig. 1
4 surface 4 in fig, 1

Measurement of Irradiation

The equatlon G, = E(mv) + Fo._R © Th* may be
derived as followsg:

Firgt, 1magine the radiometer housing to be closed
at the fronmt, and the thermopile connected to a device
(such as A potentiometer) which indicates the emf gener-
ated by the thermopile. Under this condition the output
of the thermcplle will be zero, since both Junctions of
the thermopile will be irradimted equally. (See refer-
ence 1 for a more detesiled picture of the mactual con-
struction.) If the front cpening is removed, the Junctlons
facing in this direction will receilve less rediation from
the housing than the shlelded Junctions. the mamount less
being the radiatlion that would have been received from this
hypothetical front cover. This amount would be F, ._gr o Th*.
This may be visualized as a negative irradiatlion of the Junc-
tions exposed to the housing ovening equal to -Fy«..R 0 The,
Owing to irradiation from external sourcss @&,, the total
irradiation falling on the exposed junctions 1s greater than
that falling on the shislded Jjunctions by the -=mount
Go ~ Foe-R O Tn% Consequently, the reanding on the mea-
suring device wlll be proportional to this auantity.

In the foregoing expression, the emigsivity of the
housling was taken as unity. This can be shown to be very
nearly true because of the following:

(1) The back surface of a long cylinder (length to
dlameter ratio 1.9) the surface of which has an emissivity
of 0,75 radiates and absorbs aAs if i1ts emissivity were 0.99,
(See reference 5.)

(2) The length to dimameter ratio of the radiometers
used was approximately 3.5.

(3) The emissivity of ths surface was approximnately
0.9,
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It follows from the foregoing that the output of the
radiometer is proportional to the exchange of radiant power
between the sources seen by the thermopile through the hous—

-ing opening and a hypothetical surface of the same emissive
power as the radiometer houslng placed in the positionvof
the thermoplle receiver element, .

In the remainder of this appendix the Efrm Gy and
the net interchange term Gy — Fg e— R 9Th will be dis—

cussed: the surfacasin flg. 2 will be reforred to by number.
The configuration shown in fig. 2 1s onoc commonly encoun-
tered: by considering surface 3 to bs conposed of several
parts, none of which sese the other, the system may be made

to apply to nany cases. By comblning a nunber of surfaces

in the direct line of sight of the 1adlometor into one equiw-
alent surface, the annlysis presented here ray be mado to
apply to almost any systeu., Although such equivalent nmethods
nay not be exact, they are extreunely useful in practice. ZRo—
gardless of the distribution of rediation from the surround-—
ings, 1t must be remembered that the radisneter always indl-—
cates the actual irradiatlon inciden! on the thermopile re—

ceiver element, including any gaseous radimntion which nay beo
present.

\Radiomuter housing (surface 2) ~— purface 3

Thermopile (surface 1)
L, ‘Ehmrmumings(sunhme 4) AA)

Figure 2.
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The thermal system 1s based upon the following postu—
lates:
1. All surfaces are perfectly diffusing.
2, All surfaces are opague.
3, All surfaces asre uniform in temperaturs.
4, Surfaces 1 and 3 are & sufficlent distance apart
that each point on surface i1 1le essentially

equidlistant from each point on surface 3.

5., The exterior of the radiometer housing is per-—
fectly reflecting.

6. The emissivity of each surface 1s uniform with
temperature and waveolength.

7. The surroundings (in addition to the housings in—
terior) have an emissivity of unity.

8. The intervening gascous medlums are non—-absorbing
and non-radiating.

The above—ligted conditions are very nearly satisfiled
in most cases.

In the analysis of conslder first what happens
to any energy leaving the gront surface of the thermopile
element. This will be called E!/A,.

E'A, radiates in three directions:

1. To the radiometer housing (surface 2)

2. To the surroundings (surface 4)

3, To surface 3

Therefore:
E'A, = Fae 1 B'A, + F e 2 B'A; + Fae. 1 BlA,

The enorgy Fpe i E'A, 1is completely absorbed, as is
also F_ e _ 3 E'A;. Consider now the term F e, B'A,.
This 1s partially absorbed and partially reflected;
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€3 Fy 1 E'A;, i3 absorbed, end (1--€3)Fze_—3 E'A,
reflected. Of thies last term (1 — €3)Ppe..—y Foe_3E'A,
goes 1n the dlrectlon of the surroundings and is absorbed.
Term (1 — e€3)F,¢ 1 Foe— 3E'A; goes in the direction

of the housing interlor and 1s absorbed, and
(1 — €4)F,¢ 1 Fyo 3 E'A; 18 1incldent on the thermopile

receiver element. Consequently,

B'Ay = Fae 3 B'A; + Fae 3 B'A; + €375 3 B'A,

+ (1 - €3)F36—; Fae—aE'4; + (1 — €3)Fne—1 Fre—s3 E'A,

(1 - €3)FP3e ) Fre—3E'A,

and of the original amount E'A, 1leaving surface 1,
(1 — €)Fae 3 Fya  BlA, (a)

is returned. Of this, €;(1 — €5)F o, Fie E'A;, 1is
reabsorbed, and (1 — €1)(1 = €3)Fzc 3 Fio sEiA; 1is
reflected, This new quantity may be treated as the orig—

inal quantity E'A,. Therefore, owing to this term, the
quantity

(1— €3)F3e—1 Fre—s (1—€3)(1=- €3)F3e 3 Fie—3 E'A; (%)

i1s Iincident on the thermopile receiver strip. On each suc—
ceeding reflection, an additlonal amount of cnergy will be
incident. It wlll be noted that ezch term 1s equal to tlre
preceding term times the factor (1 — €;)(1 — €a)Pse_1 Fre—_3}

and thereofore summatlon of all such terms may be sxpressod
as

(1 - €e3)Fpe—1 Fre——g B'A; [1L+ 2 + 27+, , .]

Tl - €n3)Pae ) Fre s E'A, ( 23
= )
l - 2

where 2 = (1 — €;)(1 — €3)FP3y Fre -3
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That 1s, 1f an amount of power RB'A, 1leaves the surface of

tho thermopile receiver, the amount represented by equation

-- (2) -is-returned by reflection from surface 3 and 1s again
incldent on the thermopile. The terms making up G, may
now be calculated. The power incident on 1 (through the
oponing) before any reflections from 1 1s from the surround—
ings (direct)

Fre—aby Ay (3)

from the surrounds (by reflection from surface 3)

(1 — €3) Py o F) 5By Ay (4)
from surface 3
Fie—3€38; A, (8)

from surface 2 (by reflection from surface 3)

(1 — €3) Py gFPae—a BE_ A, (6)

In addition there will be the amount of power emitted by
the radiometor housing which 1s reflected from surface 1
to surface 3 and then reflected from surface 3 to surface 1:

(1 —€1) Prep A2Bz (1 — €5) Fy o 3XTyca (6a)

The sum of the powers represented by (3), (4), (5), (6), and
(6a) are incident upon the receiver elecment, and of this sum
the fraction (1 — €,) is reflectod. This reflected term may
Ve treated es the original term ZE'A; waes treated. There—
fore, utilizing oxpression (2), the energy per unit time
incldent on surface 1 due te power emitted from surfacee 1,
2, 3, and 4, including the inter—reflections is

L(3) + (4) + (B) + (&) + (6a)]
b 3= €3) (1~ €)Pyey Fy «—s[(3)+(4)+(5)+(6)+(6a)]
1 -2

. (1 —€3) Fagy Fres e, [E14,] (7)
' 1 - 2 ’
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By making use of the "reciprocity" relation Fgage——1 4p
= Fhe—ag L (reference 3, ch. XVIII, p. 12), all the -
terms may be expressed ag a funcilon of A,. Expression
(7) then becomes

[Fse—-31 Eqdy + (l-—¢3)Fe—sFa3e—1 Eghy

+ 63 Fa <—.——1E3.A.1 + (1—65)F3¢—3]|3<_1 EEA'].] (aa)

, (8a)[(1-¢, ) (1~ €1) Boe—y Py<—s]

(8b)
l -2
1— ¢ F F. g €3 B, A
1 -2
E.A,2
MR bt L LE! (8a)

1-2

Expression (8) (or (7)) 1s equal to GuA,. Equating GoA,
and (8), and dividing through by A,, the equaticn

G‘O = [(F4 D ] E4+(1—€3) qu':_l, FS'&I E4 + B'se-l €3E3)

+(1-e3) Foe 3Fae; Bl

[(Fy e Egt(l—€a) Py Fac B+ Fae 3By (l—e3)T a3 Fae—y E.] Z

l — %
N (1-€3) Bye—y Fye—3 €1 B, b Fae— Bp 2
l -2 1-—-2 (9)

is obtained.

If the radiometer were not present, the irradiation of
a plane 2t the position of the recelvor element wculd be

G' = Fy o , B+ (1-€;3) Fow 3P 3 B+ Fye—y €3 Ej (10)

This is the desired quantity. Equation (9) may now be writtea

Go=G' + G Z2_ ., (1—€3) Fae—3 Fpe—1 E:
° 1-2 1-2

+ (1~ €) B Flz——;% LT _—___Falema - (11)
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Errors 1in Measuring Irradition

The first term on the right-hand slde represents the
irradiation of the theimopile dub "to the varlous sources in
tho system which are "seen! by the thermopile through the
housing opening — as 1f the radiometer wore not there. The
remaining terme are due to inter—reflectlons, between the
radiometer and surfece 3, of power emltted Dy the sources
in question and emitted by the radiometer. Accurato meas—
urements of G' make 1%t necessary that the last four terms
in equation (11) be very small, The magnitude of these terms
may be evaluated. If it 1s supposed that surface 3 1s large
enough so that the receiver eolement sees, direoctly, only sur—
face 3, the worst possible case willl have been considerod,
For the type of construction uweed, the area of the recociver
strip 1s about three—quarters of the area of the radlonmvter
opening, If the distance from the front of the housing to
surface 3 1s called 1, and the distance from the thermo—
plle to the front of the housing ie I, then tho dlstanco
from tho element to surface 3 1s 1 + L, or if | = nlL,
it is (n+l) L. The approxinate arca of the surface seerwill te
(n+1)L/L times (area of opening).

If A, = 3/4 tines (area of opening), then the nrea
of surfance 3 seen will be

3

Sﬂ;_k)_lx.;/s A1=A

and
A, 1l
-_— = 3/4 ——=
Ag / n+1l

and

or

a A
XTr 'y =
¥3 <y 13 ( 3@—1) Ii
2 3
T X
(Fe—) 4(n+1)

u

Taking the worst possidle case of €, = 0, and assuxing
€, = 0.9 (which is probably closo to the correct value),

Z = (1—€1)(1_€3).r3€—1 F1¢-3= (1)X(0.1) ro@R

3x 10”1

= cro<—3)ax
a(n + 1)
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(since Fyg—y = Fog-R). Assuming Foe-s = Fie3 and Foo,y
= 1 does not introduce a large error, the last four terns

in (11) may be written (teking E; = E;) approximately

2 -1
3x1071 2 ] [ 6 (FoeR) ] 3X10 T -)PXE
= (F 2 o'+ |- .| + (Foe-g/) X
[4(n+l) o<-R 4(n+1) 2 4Zn+1s 2

(Since 1 — 2 £ 1)

Since the last teru in this expression ig only 5 percent of
the second term, it may be neglected. The error term now

becomes
3X10 3 6
Foe-R) G'+[———I‘ ]I.:,_RE
4( +1) ( 0<€—R ] 4(n+1) o0<-R o 3

In most of the radiometers used, ¥, p was approximately
0.02 (admittance angle of approximately 16°). Even if a
radiometer having TFgoe_p equal 0.5 (admittance angle of

90° were used (which 1s very unlikely)), the first term adove

would be approximutely
(o.oz) ol
n+l

If n=0 (radiomoter touching surfaco), thie term is 2
percent of G!. In tho much more likely case of Fo<——R

= 0,02, this term is 0,003 percent of G!'. It follows
that tho first term in the foregolng expression mny be
neglected in most cases likely to be encountered. Conse—
quently the error is

B S [4(:1(1 1) F°<—R]F°<_R°Th4

4 _
(since o Ty* = B,)

If n=1%, B 1s less than Poe-R times the term Fye-3oTh™

If n 1is always made equarl to or greater than 2, the error
ls prorortionally leses, and if the surface sighted at 1is
partially abaorbing. the error willl ageiln be proportionally
less. This 1s also true i1f tho intervening mediums -are ab-
sorbing.

If desired, a curve of this error term (B) may be pletted
for the particular shape modulus used in order to determine
an appropriate value of n.
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In cases where l‘oq__nc'l‘h" 1s a small fraction of G',
the psrcentage error becomes negligible.

Measurement of Not Radiant Power Interchangs

For somo applications it may be desirable to obtain the
net lnterchange of radiant power between the radiometer and
the objJects or surfaces seen thresugh the opening by theo
element.

The net gain of power (referred tv a surface in place
of the receiver element having the emisslve power of the
housing) was shown to be equal to

For the purposes of4this analysis 1t will be useful to treat
the term Foé_RcTa ag 1f it represonted the power radi-—-
aAted out of the radiometer by the hypothetlcal surface roc—
ferred tc previously. This pcwer may be considere? as going
to surface 3 directly and belng sbscrbed, to surface 4 di-
rectly and being absorbed, te surface 4 by reflectlon from
surface 3, to surface 2 by reflection from surface 3, and
back to surface 1 by reflection frcm surface 3. Thils result
mny be expressed as

Fse—ROTY = Foey Ba = €3 T3y By + o B,

+ (1 — €3) Fog—z Fae—y Ej
+ (1 = €3) Yo 3F5e—y Es
+ (1 — e3) F1<—3]|3<—1 Ea (12)

because Foe ) = Foe—y + Fye—1 = Fo<—R

B, 1s used here since it 1s equal te oT_*. TFow, consider
the term (1 — €3) F,e g3 Fye—y Ba. Upon striking surface 1,

part is absorbed and part reflected. Therefore, it is equal
te

€1 (1 — €3) Frges Fye—y Ba + (1 =€) (1 — €3) Fy3 Fyey B, (13)

The aecond term here may be considered in two parts:
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(1 = €,)(1 — €3) PreaFae1 BaX Ty
and (14)

(1—e; )(1—€5) TresTsei BaX P =Py Bg X Z +T B X2

The last term here, Foe-1 EgXZ may then be treated exactly
as was Fge-; B;. Consequently, equetion (13) becomes:

Foe1 By = [€5 Fyay Bo+ Fpe—y By + (1-€3) o3 Faemy E
+ (1—€3) Po 3 Ty By + €, (1= P s Frery B

+ Foey BoX2] + Foe y EgX 2

[es Py By + Foey Bgy + (1l-€3) Fie 3¥aey Ba

+

(1-€3) Foe g Fagmy Bat €y (1-€a) Py 5 Faay By
+ Ty ooy BagX 2] (142) + Poe, Bgxz¥® (15)

Contlnuing this process, the expression

x

Fow1Bz = [€3 By By + Foey By + (1—€3) Fiay Fae: Ep

+ (1—€3) Poc—5 Fae—y By +€ (l—€3) FiegFrey B,

+ Powe-qg EpX2][1+2+ 22+ ., .] (16)

ls ebtalned. The remainder term, after repeating this n
times would be Foeg., EgX2B*1 gng ag n-» o, 2235 0
)

because 2% 1s less than 1. Since (1 + Z + 2% + 2%, . .,
= 1/1-%Z, (16) becomes

B 1—¢s) T a F E €. T R,
Toe: B, = BeaZa , Unes) BenPen B, €5 Toea®

+ (1—€3) P e pFoe2 E, + & (1—€3) Fye—1 Tia—3 Ea+1'2<-132 Z
l -2 1 -2 1-2

(17)
Combining equations (9) and (16),
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T. - b:y F
. R T (1—€3) FieaTre—

Go — Foey By = 12 1 — 2 (E4—E3)
b Ex— X - F
+ &3 _Taen (Ry a) . (L—€3) Fra—s Fre (Eo— Ea)
l -2 l -2
1 —-¢€3) F r
¥e, ( 3) Tsemy Taeos (5, _ )
1 -2
Foec .2
+ 2= (B3 - Ep)

1-2

or

iy l-¢ by F
4€—1 (E4 - En) + ( 3) 4 €3 iz <—1 (

o 2 1—2 1 - 7

B, —-E)

P € 1l—gz) T ¥
¥ c:51 ==L (2y-3,) + (1-€s) Poea Faeo o (B, —-B,) (18)
- 1— 2

Because T; 1s very nearly equal to T, it

follaws that the last term above 1s very nearly zerc¢ and
may be neglected. Thersfore, the net exchange of radiant
power betweeon the radiometer and the sources seen by the
thermopile element (referred to a surface in place of the
recelver element, having the emissive power of the housing) is

q Fee—1 (1-€3) Fie3Fae
T T ee———— —_— + —_
( )net 1-2 (E" EB) 1-2 (E“ Ea)

€, I
+ 2 3=21 (E;-Fp) = K(av) (19)
1—-2
This equatlon 1s mnalogous to that glven in referernce 1,
A particular use of this equation is in emisslvity measure-

ments., (See reference 1,) In this case E, = E;, the re—
gulting expression being

-‘-‘-’-If_ﬁztl (B — B;) = K(nv) (20)

By use of thils equation, the emissivities e¢f the type de-—
scrlbed in reference 1 may be obtained.

If it 1s desired to find the net exchange of radiant
power between surface 3 and the surroundings (eurface 4),
equation (19) reveals the following:
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For the case where the surroundings radlate uniformly
and the radliometer 1is at sufficlent distance from the sur—
face sighted at (and yet "sees" only the surface in gquestion,
surface 3) 80 that Ne.-3 18 nearly 1,

(F4e—y = 0, and Z —> 0)

K(nv)e = (l-€3)Faq ., (Eg—EBg) + €5 Faay (BEy—E))

= %<_1 E‘—]'3<_1 Ea—- Ea FSQ-—]_ E‘ + ‘3 ]'34_1 33
or
K(mv)a

Frg—1 (By—Bg)te Ty, (Ex—-E,)

Vhen the radiometer is sighted in the opposite directiou,
the radiometer would give

Emv)p = Pae—y (By—Ejp)
Therefore, the difference is

K [(@v)g — (nv)y] = €3 Fse—1 (BE;—E,)

which is the power lost by radiation to the surroundings in
the direction of the radiometer by surface 3.
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Figs. 3,4,5,6

Figure 3.- This picture illus-

trates the reduc-
tion in size withbout reduction
in voltage response to irradi-
ation made possible by impro-
ved design of thermopiles.

Figure 4.~ Sensitive elements

of thermopile radi-
ometers shown in figure 3 are
shown adjacent to the improved
portable model.

Figure 5.~ Assembled portable

radiometer employing
thermopile similar to that used
in larger model of figure 3.

- Figure 6.- Unassembled portable
radiometer as shown
in figure 5.
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